An in vitro experimental study of the control of the human dura mater optical properties at administration of aqueous solutions of glucose and mannitol has been presented. The significant increase of the dura mater optical transmittance under action of immersion liquids has been demonstrated. Diffusion coefficients of glucose and mannitol in the human dura mater tissue at 208C have been estimated as (1.63 6 0.29) 3 10 ÿ6 cm 2 /s and as (1.31 6 0.41) 3 10 ÿ6 cm 2 /s, respectively. Experiments show that administration of immersion liquids allows for the effective control of tissue optical characteristics that make dura mater more transparent, thereby increasing the ability of light penetration through the tissue.
INTRODUCTION
Recent technological advancements in the photonics industry have led to a resurgence of interest in optical imaging technologies and real progress toward the development of noninvasive clinical functional cerebral imaging systems. Interest in using optical methods for physiological-condition monitoring and cancer diagnostics has increased due to their simplicity, low cost, and low risk. The application of cerebral diagnostics, therapy, and surgery is very important for modern laser medicine. One of the problems deals with the transport of the laser beam through the dura mater tissue (Hueber et al., 2001) . Dura mater is a typical fibrous tissue similar to sclera or skin dermis (Zyablov et al., 1982; Baron and Mayorova, 1982; Vertel, 2001) . The turbidity of most fibrous tissues in visible and NIR (near infrared) spectral ranges is due to their high scattering with low absorption. The turbidity limits spatial resolution and penetration depth for optical methods (Tuchin, 2000) .
The optical properties of biological tissues can be effectively controlled by compression, dehydration, coagulation, and other actions (Cilesiz and Welch, 1993; Chan et al., 1996a,b; Demos et al., 1998; Bornhop et al., 2001; Genina et al., 2002; Tuchin, 2000; Zuluaga et al., 2002) . Such control means the change of the scattering or absorption properties of a tissue.
It is well-known that the major source of scattering in tissues and cell structures is the refractive index mismatch between cell organelles like mitochondria and cytoplasm, and extracellular media and tissue structural components such as collagen and elastin fibers (Maier et al., 1994; Chance et al., 1995; Liu et al., 1996; Bruulsema et al., 1997; Tuchin, 1999 Tuchin, , 2000 Wang, 2000) . The scattering properties of fibrous tissues (such as dura mater) can be significantly changed due to action of osmotically active immersion liquids (Beauvoit et al., 1994; Maier et al., 1994; Chance et al., 1995 Chance et al., , 1997 Liu et al., 1996; Bruulsema et al., 1997; Tuchin et al., 1997 Tuchin et al., , 2001 Bashkatov et al., 1999 Bashkatov et al., , 2000a Bashkatov et al., ,b, 2001 Bashkatov et al., , 2002a Vargas et al., 1999 Vargas et al., , 2001 Vargas et al., , 2003 Wang and Elder, 2002; Yao et al., 2002) . Administration of the immersion liquid having a refractive index higher than that of tissue interstitial fluid induces a partial replacement of the interstitial fluids by immersion substance and hence, matching of refractive indices of tissue scatterers and the interstitial fluid. The matching, correspondingly, causes the decrease of scattering.
It has been shown that glucose solution is applicable for the control of tissue scattering properties (Maier et al., 1994; Chance et al., 1995; Liu et al., 1996; Bruulsema et al., 1997; Tuchin et al., 1997 Tuchin et al., , 1999 Tuchin et al., , 2000 Bashkatov et al., 1999 Bashkatov et al., , 2000a Bashkatov et al., , 2001 Bashkatov et al., , 2002a Wang, 2000; Vargas et al., 2001; Yao et al., 2002) . The possibility of application of mannitol solution for optical clearing of membranes surrounding brain has been discussed by Chance et al. (1997) . Increase of glucose or mannitol content in a tissue reduces index mismatch and, correspondingly, decreases the scattering coefficient. Measurement of scattering coefficient allows one to monitor the change of glucose concentration in the tissue. It is worth noting that application of osmotically active liquids is accompanied by tissue swelling or shrinkage, which should be taken into account.
Despite numerous investigations related to the control of tissue optical properties, the problem of estimating the diffusion coefficient of immersion liquid in tissues has not been studied in detail. The knowledge of diffusion coefficients is very important for development of mathematical models describing the interaction of osmotically active liquids with tissues in particular, to predict the penetration efficiency of drug and metabolic agents through tissue. Many biophysical techniques for estimating the diffusion coefficients are available (Beck and Schultz, 1972; Deen et al., 1981; Inamori et al., 1994; Peck et al., 1994; Bertram and Pernarowski, 1998; Gribbon and Hardingham, 1998; Papadopoulos et al., 2000; Olmsted et al., 2001) , but only a few techniques are applicable for estimating the diffusion coefficient of immersion liquid in a human tissue. The majority of the methods are based on the fluorescence measurements or on the usage of radioactive labels for detecting matter flux. Unfortunately, the fluorescence-based methods cannot be used for determination of diffusion coefficients of nonfluorescent liquids. In the case of in vivo measurements, the methods based on the usage of radioactive labels are invasive. The optical method of estimating the diffusion coefficient of the immersion liquid in a tissue has been suggested by Tuchin et al. (1997) . This method is based on the measurements of temporal changes of scattering properties of a tissue caused by dynamic refractive index matching. It can be used both for in vitro and in vivo measurements (Tuchin et al., 1997) .
In this article we present the results of in vitro experiments on the human dura mater optical properties control by administration of osmotically active immersion agents such as aqueous glucose and mannitol solutions. The experiments show that such action makes dura mater more transparent. Based on temporal dependencies for tissue scattering coefficients obtained from time-dependent optical transmittance measurements, the diffusion coefficients of glucose and mannitol in human dura mater have been estimated.
MATERIALS AND METHODS

Physical properties and structure of human dura mater
Human dura mater is a protective membrane surrounding the brain. It has a fibrous structure. Typically, with age, the dura mater thickness changes from 0.3 to 0.8 mm. As an object for light propagation, this is a turbid, lowtransparent medium in the visible and near-infrared spectral ranges. It consists mainly of conjunctive collagen fibrils packed in lamellar bundles that are immersed in an amorphous ground (interstitial) fluid (Zyablov et al., 1982; Baron and Mayorova, 1982) .
Dura mater contains five layers: the external integumentary layer, the external elastin network, the collagen layer, the internal elastin network, and the internal endothelium integumentary layer (Zyablov et al., 1982) . The collagen layer is the main layer of human dura mater, having >90% of its thickness. Therefore, its optical properties are mainly defined by the optical properties of the collagen layer. It is worth noting that those abrupt boundaries between upper, middle, and lower layers are absent. Thus, according to its structure, human dura mater is the closest to the sclera and skin dermis. The main difference between the structure of sclera and dura mater is the presence of the branched net of blood vessels in dura mater (Zyablov et al., 1982) .
The average diameter of the dura mater collagen fibrils has been estimated using the data of electron microscopy presented by Spacek in the Atlas of Ultrastructural Neurocytology (Spacek, 2000 ) (see Fig. 1 ). The figure shows electron microphotography of rat dura mater with layers of densely packed collagen fibrils having an alternating orientation. The diameter of each fibril was measured in pixels and recalculated in nanometers using length of the scale bar presented in the figure. The procedure was made by a standard instrument of computer program Photoshop 6.0. Processing these data, we have found that the average diameter of the dura mater collagen fibrils is 100 6 5 nm for the total number of 100 fibrils taken for calculations.
The collagen fibrils of dura mater are arranged in individual bundles in a parallel fashion. Moreover, within each bundle the groups of fibril are separated from each other by the large empty lacunae distributed randomly in space. Collagen bundles of dura mater have a wide range of widths and thicknesses similar to collagen bundles of scleral tissue or skin dermis. These ribbonlike structures are multipally cross-linked. They cross each other in all directions but remain parallel to the dura mater surface (Zyablov et al., 1982) .
According to its composition, the dura mater interstitial fluid is very close to the interstitial fluid of skin dermis (Vertel, 2001) and constitutes a clear, colorless liquid containing proteins, proteoglycans, glycoproteins, and hyaluronic acid. Due to their glycosaminoglycan chains, these molecules concentrate negative charges. They are highly hydrophilic and have a propensity to attract ions, creating an osmotic imbalance that results in the glycosaminoglycan absorbing water from surrounding areas. This absorption helps to maintain the hydration of the matrix; the degree of hydration depends on the number of glycosaminoglycan chains and on the restriction placed on proteoglycans swelling by the surrounding collagen fibers (Culav et al., 1999) . As the glycosaminoglycan chains attached to the proteoglycan core are negatively charged and extend from the core protein, a high charge density is created. This charge density induces an osmotic swelling pressure, resulting in the movement of water into the matrix. Therefore, the proteoglycans will tend to swell, but the tension-resistant collagen fibers and the bonding of the negatively charged glycosaminoglycan chains to regions of positive charge on collagen fibrils limits the expansion of proteoglycans to ;20% of their swelling capacity (Wight et al., 1991) .
To design the optical model of dura mater, in addition to form, size, and density of the scatterers (collagen fibrils) and the tissue thickness, we are able to have information on the refractive indices of the tissue components. Taking into account the similar structure of dura mater, eye sclera, and skin dermis, we can assume that the refractive index of the collagen fibrils (n c ) and interstitial fluid (n I ) of dura mater has the same wavelength dependence in the visible spectral range as for skin dermis and sclera (Bashkatov, 2002) : ; (2) where l is the wavelength, nm.
FIGURE 1 Dura mater with layers of densely packed collagen fibrils having an alternating orientation. (Scale ¼ 1 mm; Rat cerebral dura mater;
Spacek, 2000.)
Method for in vitro estimation of diffusion coefficients of osmotically active immersion liquids in tissues
The method is based on the time-dependent measurement of collimated transmittance of tissue samples placed in immersion liquid. Schematic representation of diffusion of the osmotically active immersion liquid into the human dura mater sample and the geometry of light irradiation is presented in Fig. 2 . The transport of an immersion liquid within the tissue can be described in the framework of the free diffusion model. We assume that the following approximations are valid for the transport process:
1. Only concentration diffusion takes place; i.e., the exchange flux of osmotically active solution into the tissue and water from the tissue, at a certain point within the tissue sample, is proportional to the osmotically active substance concentration at this point. 2. The diffusion coefficient is constant over the entire sample volume.
Geometrically the tissue sample is presented as a plane-parallel slab with a finite thickness. Since the cross-section of the experimental samples was 10 3 10 mm, which is [103 bigger than the thickness of the samples, the one-dimensional diffusion problem has been solved.
The one-dimensional diffusion equation of the immersion liquid transport has the form @Cðx; tÞ @t ¼ D @ 2 Cðx; tÞ @x 2 ;
( 3) where C(x,t) is the immersion liquid concentration, g/ml; D is the diffusion coefficient, cm 2 /s; t is time, in seconds, s; and x is the spatial coordinate, cm. We also suppose that penetration of immersion liquid into a tissue sample does not change the immersion liquid concentration in the cuvette. This requirement has been met in the experiments since the immersion liquid volume in the cuvette was ;3000 mm 3 and the volume of the dura mater samples was \100 mm 3 . The corresponding boundary conditions are Cð0; tÞ ¼ Cðl; tÞ ¼ C 0 ¼ const;
where C 0 is the concentration of immersion liquid in the external volume (i.e., in the cuvette), g/ml; l is the thickness of the sample, cm. The initial conditions correspond to the absence of glucose or mannitol inside the dura mater tissue before its incubation in the immersion liquid, Cðx; 0Þ ¼ 0;
(5) for all inner points of the tissue sample. Solution of Eq. 3 for a slab with a thickness l at the moment t with boundary (Eq. 4) and initial (Eq. 5) conditions has the form (Kotyk and Janacek, 1977) CðtÞ
where C(t) is the volume-averaged concentration of osmotically active immersion liquid within tissue sample. In a first-order approximation, Eq. 6 is reduced to the form
where t ¼ l 2 /(p 2 D) is the characteristic diffusion time. This approximation gives results close to the exact solution (Eq. 6) in the limits of experimental errors, but significantly reduces calculation time, especially for inverse problem solving. The temporal dependence of the refractive index of the interstitial fluid can be derived using the law of Gladstone and Dale, which states that, for a multicomponent system, the resulting value of the refractive index represents an average of the refractive indices of the components related to their volume fractions (Freund et al., 1986; Leonard and Meek, 1997) . Such dependence is defined as
where n base is the refractive index of the dura mater interstitial fluid at the initial moment defined by Eq. 2, and n osm is the refractive index of the glucose or mannitol solutions. Wavelength dependence of aqueous glucose solution can be estimated as n osm (l) ¼ n w 1 0.1515 C, where n w (l) is the wavelength dependence of the refractive index of water, and C is the glucose concentration, g/ml (Maier et al., 1994) . The wavelength dependence of the refractive index of water has been presented by Kohl et al. (1995) as n w ðlÞ ¼ 1:3199 1 6:878 3 10 3 l 2 ÿ 1:132 3 10 9 l 4 1 1:11 3 10 14 l 6 :
The optical model of dura mater can be presented as a slab with a thickness l containing scatterers (collagen fibrils)-thin dielectric cylinders with an average diameter of 100 nm, which is considerably smaller than their lengths. The wavelength dependence of the refractive index of these cylinders can be described by Eq. 1. These cylinders are located in planes that are in parallel to the sample surfaces, but within each plane their orientations are random. These simplifications reduce considerably the difficulties in the description of the light scattering by dura mater. For a thin dielectric cylinder in the Rayleigh-Gans approximation of the Mie scattering theory the scattering cross-section s s (t) for unpolarized incident light is given by (Cox et al., 1970; Bohren and Huffman, 1983) 
where m ¼ n c /n I is the relative refractive index of the scattering particle, i.e., ratio of the refractive indices of the scatterers and the ground materials (i.e., interstitial fluid), and x is the dimensionless relative scatterers size, which is determined as x ¼ 2pan I /l, where l is the wavelength and a is the cylinder radius.
As a first approximation, we assume that during the interaction of the immersion liquid with a tissue, the size of the scatterers does not change. This assumption is confirmed by the results presented by Huang and Meek (1999) for scleral and corneal tissue. In this case, all changes in the tissue scattering are connected with the changes of the refractive index of the interstitial fluid described by Eq. 8. The increase of the refractive index of the interstitial fluid provides the decrease of the relative refractive index of the scattering particles and, consequently, the decrease of the scattering coefficient. For noninteracting particles the scattering coefficient of a tissue is defined by the equation 
where m s (t) is the tissue scattering coefficient, N is number of the scattering particles (fibrils) per unit area, and s s (t) is the time-dependent cross-section of scattering (Eq. 9). The number of the scattering particles per unit area can be estimated as N ¼ f/(pa 2 ) (Cox et al., 1970) , where f is the volume fraction of the tissue scatterers. For fibrous tissues f is usually equal to 0.3 (Tuchin et al., 1997; Schmitt and Kumar, 1998; Meglinski and Matcher, 2002) .
To take into account interparticle correlation effects which are important for tissues with densely packed scattering particles (such as dura mater), the scattering cross-section has to be corrected by the packing factor of the scattering particles, (1 ÿ f) 3 /(1 1 f) (Schmitt and Kumar, 1998) . Thus, Eq. 10 has to be rewritten as
Since glucose and mannitol solutions have pH values different from the pH of the interstitial fluid of the native tissue, the immersion of tissue samples into the solutions produces the swelling process. The temporal dependence of the dura mater sample volume can be described assuming that increasing tissue volume is the result of additional absorption of osmotically active liquid (Huang and Meek, 1999) . Since we assume that at swelling the size of the tissue scatterers does not change, the increase of tissue volume is associated with increase of the distance between tissue fibrils.
The temporal dependence of the swelling index H(t) of the tissue sample can be calculated from weight measurements as
where M(t) is mass of the tissue sample in different moments in the swelling process, M osm (t), V osm (t), and r osm (t) are mass, volume, and density of osmotically active liquid absorbed by the tissue sample, respectively. Let V(t) represent the volume of swelling tissue, then
Since the tissue swelling is connected with diffusion of osmotically active liquid into the tissue sample, the temporal dependence of swelling index can be approximated by the following phenomenological expression, which is very close to Eq. 7, describing the process of osmotically active liquid penetration into the tissue
Therefore, the temporal dependence of tissue volume during osmotically active liquid action (Eq. 13) can be presented as
At the same time, Eq. 15 can be rewritten in a simpler form, i.e., as
In this case, A w , A, and t sw are some phenomenological constants describing swelling process caused by glucose or mannitol action. Volumetric changes of a tissue sample is mostly due to changes of its thickness l(t), which can be expressed as
where A* ¼ A/S, and S is the tissue sample area. Constants A and t sw can be obtained both from direct measurements of thickness or volume of tissue samples and from time-dependent weight measurements. In this study to estimate these constants, we used the time-dependent weight measurements of the dura mater tissue samples placed into glucose and mannitol solutions. By changing volume of a tissue the swelling produces the change of the volume fraction of the tissue scatterers, and thus, the change of the scatterers' packing factor and the numerical concentration, i.e., the number of the scattering particles per unit area (see Eqs. 10 and 11). Taking into account Eq. 16, the temporal dependence of the volume fraction of the tissue scatterers can be described as
where V c is the volume of the tissue sample scatterers. The collimated optical transmittance of the dura mater sample impregnated by an immersion solution can be defined as
where R s is the specular reflectance and m a is the absorption coefficient. The time-dependent scattering coefficient m s (t) and thickness l(t) are defined by Eqs. 11 and 17, respectively. In the visible spectral range, the absorption coefficient of a tissue is much less than the scattering coefficient except for the blood absorption bands. Since both glucose and mannitol do not have strong absorption bands within the wavelength range investigated, the changes of the dura mater collimated transmittance can be described only by the behavior of the m s . This set of equations represents the direct problem, i.e., describes the temporal evaluation of the collimated transmittance of a tissue sample dependent on glucose or mannitol concentration in interstitial fluid. On the basis of measurement of the temporal evolution of the collimated transmittance, the reconstruction of the diffusion coefficient of the glucose or mannitol in dura mater has been carried out. The inverse problem solution has been obtained by minimization of the target function as
where T c (D,t) and T Ã c ðtÞ are the calculated and experimental values of the time-dependent collimated transmittance, respectively, and N t is the number of time points obtained at registration of the temporal dynamics of the collimated transmittance. To minimize the target function the Levenberg-Marquardt nonlinear least-squares-fitting algorithm described in detail by Press et al. (1992) has been used. Iteration procedure repeats until experimental and calculated data are matched. As a termination condition of the iteration process, we have used the expression
Experimental setups
All experiments have been performed in vitro with the human dura mater at room temperature (;208C). Measurements of the light collimated transmittance spectra have been performed using multichannel optic spectrometer LESA-6med (BioSpec, Russia). The scheme of the experimental setup is shown in Fig. 3 . As a light source, a 250-W xenon arc lamp with filtering of the radiation in the spectral range from 400 to 700 nm has been used in the measurements.
During the light transmission measurements, the glass cuvette with the dura mater sample has been placed between two optical fibers with a core diameter of 400 mm and a numerical aperture of 0.2. One fiber transmitted the excitation radiation to the sample, and another fiber collected the transmitted radiation. The 0.5-mm diaphragm placed 100-mm apart from the tip of the receiving fiber has been used to provide collimated transmittance measurements. Neutral filter has been used to attenuate the incident radiation. The measurements have been performed every 30 s during 15 min for each dura mater sample. Experimental error does not exceed 5% in the spectral range from 500 to 700 nm, or 10% in the spectral range from 400 to 500 nm.
Study of swelling of the dura mater samples has been performed by means of the time-dependent weight measurements; the torsion scales with the precision of 1 mg has been used. The tissue samples have been immersed into a cuvette with aqueous glucose or mannitol solution. Every 2 min during 40 min, each sample has been taken out from the solution and weighed. A careful removal of the solution from the sample surface before weighing has been provided.
The dura mater sample preparation
The human dura mater samples have been obtained by autopsy within 24 h post mortem. The dura mater samples were kept under temperature ÿ128C. Before experiments dura mater has been unfrozen and cut into pieces with the area ;10 3 10 mm 2 . The thickness of each human dura mater sample has been measured at initial moment with a micrometer in 10 points over the sample surface and averaged. The human dura mater samples have been fixed on a plastic plate with a square aperture 5 3 5 mm 2 (needed for effective impregnation by glucose or mannitol via both surfaces of the sample) and have been placed in a 5-ml cuvette filled with the glucose or mannitol solution. For the optical clearing measurements, we have used six samples of the human dura mater. Three tissue samples (thickness of the samples was 0.52 6 0.08 mm, 0.43 6 0.05 mm, and 0.65 6 0.09 mm) have been used for optical clearing under action of the mannitol solution and three tissue samples (thickness of the samples was 0.52 6 0.11 mm, 0.59 6 0.06 mm, and 0.56 6 0.07 mm) have been used for optical clearing under action of the glucose solution. Time-dependent weight measurements have been carried out with four tissue samples. Two samples have been used for investigation of dura mater swelling caused by the mannitol solution and two samples were used for investigation of dura mater swelling caused by the solution of glucose. The initial weight of each sample was ;100 mg.
The osmotically active immersion liquid preparation
As immersion liquids, aqueous glucose solution with concentration 0.2 g/ml and aqueous mannitol solution 0.16 g/ml have been used. Aqueous glucose solution has been prepared using powderlike glucose monohydrate (ChemMed, Russia) and aqueous mannitol solution has been prepared using powderlike D-mannitol (Serva, New York). The densities of the glucose and mannitol solutions have been measured as 1.07 g/ml and 1.06 g/ ml, respectively. The refractive indices of the glucose and mannitol solutions have been measured by Abbe refractometer at wavelength 589 nm as 1.363 and 1.357, respectively, and pH of the solutions have been measured by pHmeter HANNA (Portugal) as 6.05 for mannitol solution and as 5.99 for glucose solution.
RESULTS AND DISCUSSION
Since the developed algorithm for estimation of diffusion coefficients of osmotically active immersion liquids in tissues requires the knowledge of the tissue volume changes under action of these liquids, we have investigated the temporal dependence of the dura mater swelling index using the time-dependent weight measurements. Fig. 4 shows the temporal dependence of the swelling index of the tissue samples placed in glucose and mannitol solutions. From Fig.  4 it is seen that the mannitol solution produces more swelling of the dura mater sample in comparison with the glucose solution. At the same time, the difference between these dependencies is insignificant, because pH values of these solutions are very close to each other. The difference can be connected with the structural properties of the glucose and mannitol molecules, as the mannitol is a polyhydric alcohol, whereas the glucose is a monosaccharide. For quantitative assessment of the time-dependent weight measurements, the exponential association (Eq. 14) has been used. By leastsquares method, the following parameters of the swelling index have been obtained. For the tissue samples immersed in the mannitol solution, we have estimated parameter A w as 0.21 6 0.1, and the parameter characterizing the swelling FIGURE 3 Experimental setup for measurements of the collimated transmittance spectra: (1) optical irradiating fiber; (2) neutral filter; (3) cuvette; (4) human dura mater sample; (5) aqueous glucose or mannitol solution; (6) the 0.5-mm diaphragm; and (7) optical receiving fiber. rate, i.e., t sw , as 484 6 72 s. For the dura mater samples immersed in glucose solution, we have estimated parameter A w as 0.20 6 0.2 and t sw as 528 6 160 s.
To understand the mechanisms of the optical clearing of dura mater we have measured the collimated transmittance spectra concurrently with administration of the glucose or mannitol solutions. Figs. 5 and 6 illustrate the dynamics of these transmittance spectra. It is easily seen that the untreated dura mater is poorly transparent for the visible light. Glucose and mannitol administration makes this tissue more transparent, increasing the collimated transmittance in the spectral range from 650 to 700 nm, on average, by ;2.5-fold under action of the mannitol solution (see Fig. 5 ), and by ;fivefold under action of the glucose solution (see Fig. 6 ) at t ¼ 5 min.
The blood volume and hemoglobin oxygenation monitoring is very important for cerebral diagnostics and therapy (Koizumi et al., 1999; Benaron et al., 2000; Hueber et al., 2001) . The increase of light penetration depth at tissue clearing allows one to acquire more information from blood vessels located in the deep brain layers. In the visible, three spectral bands corresponding to blood absorption can be indicated. There is the Soret band with maximum at 415 nm, the a-band with maximum at 542 nm and the b-band with maximum at 577 nm of oxyhemoglobin absorption (Prahl, 1999) . Our experiments have shown (see Figs. 5 and 6) that, in the spectral ranges corresponding to aand b-bands of the blood absorption, the mannitol solution produces increase of the dura mater collimated transmittance by ;1.8and twofold, and the glucose solution by ;3.5and fourfold, respectively.
Figs. 7 and 8 present the time-dependent collimated transmittance of the dura mater samples measured at different wavelengths concurrently with administration of the mannitol and glucose solutions, respectively. These temporal dependencies show that osmotically active immersion liquids such as aqueous glucose and mannitol solutions are appropriate for the control of the dura mater optical properties. It is well seen that the action of all solutions produces the increase of the collimated transmittance of the tissue samples. From Figs. 7 and 8 , a good matching is seen between experimental data (symbols) and approximating dependencies (solid lines) calculated in the framework of the presented model . The difference between experimental and calculated data can be explained partially by inaccuracy of the measurements and simplicity of the used model, since the diffusion coefficient can change a little FIGURE 5 The collimated transmittance spectra of the human dura mater sample measured concurrently with administration of mannitol solution at different time intervals. Experimental error does not exceed 5% in the spectral range from 500 to 700 nm, or 10% in the spectral range from 400 to 500 nm.
FIGURE 6
The collimated transmittance spectra of the human dura mater sample measured concurrently with administration of glucose solution at different time intervals. Experimental error does not exceed 5% in the spectral range from 500 to 700 nm, or 10% in the spectral range from 400 to 500 nm.
FIGURE 7
The time-dependent collimated transmittance of the human dura mater sample (initial thickness of sample, 0.043 cm) measured at different wavelengths concurrently with administration of mannitol solution. The symbols correspond to the experimental data. The error bars show the standard deviation values. The solid lines correspond to the data calculated using the developed model (Eqs. 11, 17, and 19). during penetration of the clearing agent in the tissue samples. Moreover, the dura mater samples are volume-inhomogeneous.
We have to underline that the clearing process has two stages (see Figs. 7 and 8) . At the beginning of the process the increase of the transmittance is seen, which is followed by saturation and even the decrease of the transmittance. Two competing processes take place. One of them is optical immersion-the matching of refractive indices of the tissue scatterers and the interstitial fluid that causes the decrease of the tissue scattering and, therefore, the increase of the collimated transmittance. Another one is the tissue swelling that causes the increase of the tissue thickness and, therefore, the decrease of the transmittance. However the present experimental data show that the matching effect prevails, especially at the first stage of the optical clearing. It is wellconfirmed by the characteristic time of the swelling (484 6 72 s and 528 6 160 s for the mannitol and glucose solutions, respectively) that is longer than the diffusion time. The diffusion time t ¼ l 2 /(p 2 D) has been calculated using glucose and mannitol diffusion coefficient values (see below). The mannitol and glucose diffusion times are 153 6 29 s and 221 6 23 s, respectively. It is worth noting that swelling, caused by immersion agent impregnation, is not usually very important for in vivo tissue optical clearing since a living tissue has a high homeostasis degree; however, for in vitro measurements, this stage should be taken into account for the corrected determination of diffusion coefficient. Typically, the saturation of optical transmittance (reflectance) with time for in vivo measurements is caused by immersion liquid diffusion to the surrounding tissues, and it is difficult to provide a continuous supply of immersion liquid to the target tissue (Bashkatov et al., 1999 (Bashkatov et al., , 2000b (Bashkatov et al., , 2002a Tuchin et al., 2001) .
The mannitol and glucose diffusion coefficients in the human dura mater tissue have been estimated using the experimental temporal dependence of the collimated transmittance (see Figs. 7 and 8) and inverse algorithm described by Eqs. 3-20. Calculations have been simultaneously performed for 10 wavelengths, and the obtained values of the diffusion coefficients have been averaged. The diffusion coefficients of both mannitol and glucose have been estimated as (1.31 6 0.41) 3 10 ÿ6 cm 2 /s, and as (1.63 6 0.29) 3 10 ÿ6 cm 2 /s, respectively. It is well-known that diffusion coefficient is increased with the increase of temperature of the solution. The temperature dependence has been presented as DðT 2 Þ ¼ DðT 1 Þ 3 ðT 2 =T 1 Þ 3 ðhðT 1 Þ= hðT 2 ÞÞ (Grigoriev and Meylikhov, 1991) , where D(T) is the diffusion coefficient at temperature T, and h(T) is the viscosity of the solution. Extrapolating the obtained values of the diffusion coefficients to the physiological temperature, we have found that the mean values of diffusion coefficient at 378C are 2.59 6 10 ÿ6 cm 2 /s and 2.08 3 10 ÿ6 cm 2 /s for glucose and mannitol, respectively. The estimated diffusion coefficient for glucose is very close to the diffusion coefficient measured in vivo for the human skin, which is (2.56 6 0.13) 3 10 ÿ6 cm 2 /s .
It was expected that diffusion coefficients measured for tissues are less than those for solutions (Papadopoulos et al., 2000) . For example, Peck et al. (1994) , using two-chamber side-by-side diffusion cells, have found D M ¼ (9.03 6 0.3) 3 10 ÿ6 cm 2 /s for mannitol diffusion in phosphate-buffered saline at temperature 378C, and under the same conditions, for sucrose D S ¼ 7.45 3 10 ÿ6 cm 2 /s (Inamori et al., 1994) and for raffinase D R ¼ (5.72 6 0.1) 3 10 ÿ6 cm 2 /s (Peck et al., 1994) . The diffusion coefficients of glucose and mannitol in water are 5.2 3 10 ÿ6 cm 2 /s (at 158C) and 6.05 3 10 ÿ6 cm 2 /s (at 208C), respectively (Grigoriev and Meylikhov, 1991) . At 378C the diffusion coefficient of glucose in water is 9.59 3 10 ÿ6 cm 2 /s and the diffusion coefficient of mannitol in water is 9.61 3 10 ÿ6 cm 2 /s; these values are well-matched with the data presented by Peck et al. (1994) .
The difference between the diffusion coefficients of these substances in water and in tissue is connected with the structure and composition of dura mater. As it has been shown, the dura mater interstitial fluid (i.e., the interstitial matrix) contains the proteins, proteoglycans, and glycoproteins that constitute the polyelectrolyte gel (Huang and Meek, 1999) . The proteins (collagen and elastin fibrils) are the base of the interstitial matrix (Culav et al., 1999) . The collagen and elastin fibrils are the hindrance factor for molecules diffusing in the interstitial fluid. Two major mechanisms can hinder rapid diffusion of the molecules through an interstitial matrix. Particles can stick to collagen fibrils or they can be hindered by the size of the mesh spacing between the fibrils (Olmsted et al., 2001) . Moreover, since the glucose and mannitol are polar molecules (Peck et al., 1994) , their diffusion can be hindered inasmuch as the proteins, glycoproteins, and glycosaminoglycans contained FIGURE 8 The time-dependent collimated transmittance of the human dura mater sample (initial thickness of the sample is 0.059 cm) measured at different wavelengths concurrently with administration of glucose solution. The symbols correspond to the experimental data. The error bars show the standard deviation values. The solid lines correspond to the data calculated using the developed model (Eqs. 11, 17, and 19). in the interstitial fluid are excellent space filters, which provide selective barriers to the diffusion of the polar molecules. Thus, the penetration of the glucose and mannitol molecules into tissue is restricted.
The difference between the diffusion coefficients obtained in the article and the ones presented by the other authors for solutions is explained mostly by the structural properties of the investigated tissue. The difference can also be due to distinctions in experimental and calculation methods used for estimation of the diffusion coefficients.
CONCLUSIONS
The experimental results presented in this article have shown that controlling the optical properties of tissues is a useful method to increase the ability of light penetration into a tissue and, consequently, to improve the optical probing depth. The results are applicable to numerous laser therapeutic and optical diagnostic and imaging techniques. For example, at laser treatment of brain blood vessels, the rapid attenuation and broadening of the incident beam by light scattering is often a problem. Optical clearing will allow laser light to be focused directly on a blood vessel. Smaller laser spot size will reduce collateral damage. Also, reducing in scattering and subsequent increasing in light penetration depth will affect the precise dosimetry for laser procedures. Changes of the collimated transmittance spectra indicate that administration of the osmotically active immersion liquids into a fibrous tissue allows one to control its optical characteristics effectively, and therefore to get more precise spectroscopic information, which is less disturbed by tissue turbidity. The same is valid for tissue optical imaging, when at reduced scattering of surrounding tissue impregnated by the immersion agent, blood vessels, tumors, and other tissue inhomogeneities can be visualized with a higher contrast.
Based on temporal dependence of the collimated transmittance of the human dura mater samples and the model presented, glucose diffusion coefficient in the dura mater interstitial fluid at 208C has been estimated as (1.63 6 0.29) 3 10 ÿ6 cm 2 /s and mannitol diffusion coefficient as (1.31 6 0.41) 3 10 ÿ6 cm 2 /s. For physiological temperature, ;378C, the diffusion coefficient for glucose may have a value of 2.59 3 10 ÿ6 cm 2 /s, and for mannitol, 2.08 3 10 ÿ6 cm 2 /s. For glucose, this value is very close to that measured, in vivo, in the human skin dermis .
The presented results can be used for developing mathematical models describing the interaction between osmotically active immersion liquids and a living tissue.
